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ABSTRACT
In planetary landing missions, precise knowledge of the
surrounding area is essential. Thus, the major goal of
the research project FastMap1 is the automatic genera-
tion of a Navigation Map as the basis for self-localization
and navigation of mobile robots during the exploration
of planetary surfaces. The underlying concept is to use
visual sensor data retreived during the descent phase for
the creation of a Navigation Map consisting of a digital
elevation model (DEM) and a set of landmarks. State of
the art database technology is used as a communicational
backbone for the different modules, whereas new Virtual
Testbed methods in this context provide the basis for al-
gorithm development, testing and verification and allow
to plan, execute and evaluate multiple scenarios.
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1. INTRODUCTION
Landing on planets or moons and their further explo-
ration in future space missions requires precise informa-
tion of the landing zone and its surroundings. One way
of retrieving this information is to use optical sensors,
mounted to the landing unit, to acquire data of the sur-
face during descent. The retreived descent imagery en-
ables the creation of a Navigation Map that is suitable
for planetary exploration missions executed by a mobile
robot on the surface.
As descent image data from planetary landing missions is
rare, this paper presents a new Virtual Testbed approach.
In Fig. 1 the process architecture of the project is illus-
trated. In order to allow for the generation of close-
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Figure 1. Process architecture
to-reality environments for various landing scenarios, a
Virtual Testbed, introduced in Chapter 2 of this paper,
serves as a ”crystallization point” in the development pro-
cess of the envisaged planetary landing and exploration
missions, providing a maximum of flexibility for land-
ing trajectories, sensor characteristics, lighting and sur-
face conditions. To calibrate the Virtual Testbed we are
currently setting up a planetary landing mockup consist-
ing of scaled realistic surface models and two robot arms
carrying a light source and a camera.
The resulting Navigation Map in the FastMap project will
consist of a digital elevation model (DEM) and distinctive
semantic landmarks, which are placed into the coordinate
system of the DEM in order to facilitate localization of a
mobile robot in the area that is covered by the map. Possi-
ble landmarks have to fulfill a certain set of criteria. It is
systematically essential that a landmark is recognizable
from both the perspective of a descending landing unit
and the perspective of a rover exploring the surface. In
order for the system to be generally applicable in a wide
variety of scenarios, landmark types need to occur fre-
quently in as many areas as possible. As a consequence
rocks, craters and hills/mountains were picked as primary
landmark types, each one requiring a respective detection
algorithm. The algorithms used to generate a Navigation
Map from descent images are described in detail in Chap-
ter 3.
A database serves as the key element for communication
and data exchange between the different modules. The
database and the structure of the data model, containing
the Navigation Map, are described in Chapter 4.
2. VIRTUAL TESTBED
A central element in the project is the ”Virtual Testbed
for Planetary Landing”. The whole algorithm develop-
ment process is supported by the Virtual Testbed, as it
provides test-data and the possibility to evaluate the al-
gorithms. Artificial descent images are generated with a
high flexibility for testing different conditions concerning
lighting, sensors and landing trajectories. Besides these
images generated for algorithm development, the known
real values in the Virtual Testbed can be used for ”ground
truth”-verification of the map-generation algorithms.
The Virtual Testbed is realized with the module simula-
tion software VEROSIM R©. With this software different
Testbeds in the fields of simulation and automation have
already been realized [1]. In Fig. 2 an example is shown
[2].
Figure 2. Example of a current testbed with simula-
tion software VEROSIM R© (Scarabaeus robot design by
DFKI2)
Due to the flexible structure of the simulation system, ex-
isting modules, such as the database interface or the vi-
sualization of height models, can be combined with new
elements, designed for the Virtual Testbed for planetary
landing scenarios. A camera simulation is developed in-
cluding a generic camera model described by a set of in-
trinsic parameters. Thus, distortions and further camera
effects like noise, lens flare and motion blur can be sim-
ulated. A further important aspect of realistic imagery is
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the correct simulation of lighting conditions and reflec-
tion properties of materials in space. Furthermore exter-
nal effects such as temperature and radiation. A flexible
and extendable error model is used to simulate these er-
rors in imagery. To obtain reliable and physically plausi-
ble results with the Virtual Testbed, the camera and light-
ing simulations need to be calibrated.
2.1. Planetary landing mockup
For this calibration procedure a ”planetary landing
mockup”, an experimental setup with a true to scale plan-
etary surface model is created to test cameras and lighting
situations (Figure 3). The components of the mockup are
described in the following sections.
Using a robot guided light source different lighting condi-
tions concerning position and intensity can be generated.
The light source is chosen to resemble the spectrum of
sun light, like a xenon arc lamp with a color temperature
of 6000 K [3].
A second robot is equipped with a camera and is thus able
to record images while executing descent trajectories to
the surface. The camera used in the mockup is chosen
with the aim to resemble real space cameras, taken as a
comparison is the MSL Mars Descent Imager (MARDI),
developed by Mars Science Laboratory [4]. This camera
records about 500 images during descent within heights
of 3.7 km to 5 m above ground and has a resolution of
1600x1200 pixels on a CCD-sensor.
The coordination of the robots, camera and light source
is realized in a mockup control system. The robots are
commanded with an interface, providing direct access to
position control and sensor data. Camera and light source
are connected via the computer directly to the simulation
system. The use of robots in this mockup guarantees high
repeatability for the camera trajectory and the positioning
of the light source. Using the mockup control artificial
Figure 3. Design of planetary landing mockup with cam-
era view
Figure 4. Iterative process for model validation
descent image sequences can be generated online for dif-
ferent lighting conditions and landing trajectories.
The surface structure of the mockup is generated in par-
allel with the elevation model in the Virtual Testbed to
assure, that differences in images are not based on dif-
ferences in the surfaces. First, real orbiter data (HiRISE,
Mars Reconnaissance Orbiter [5]) is used to generate an
initial model, where interesting regions of the DEMs (ar-
ray resolution 1m/pixel) are combined. The resulting el-
evation model is further modified according to the corre-
sponding images (resolution 0.3m/pixel) with rocks and
stones. The surface structure for the mockup is then man-
ufactured according to the digital elevation model with a
further improvement of the surface with colors and sand.
To consider the changes and errors of the manufacturing
process, the surface structure is scanned with a 3d laser
and the digital elevation model in the Virtual Testbed is
corrected. Additionally, an integrated camera generates a
calibrated ortho-image of the surface that can be used as
a texture in the Virtual Testbed.
The calibration of the Virtual Testbed with the real
mockup is carried out in an iterative process, as seen in
Fig. 4. First a simplified model is drafted as a basis for
the virtual model. Comparing the simulation of this ba-
sic model with the real mockup, the simulation accuracy
is determined. Using these results, the parameters of the
virtual model are adapted and improved iteratively until
the desired simulation accuracy is achieved. Thus, a val-
idated virtual model can be obtained, containing already
all necessary parameters.
2.2. Extrapolation in the Virtual Testbed
With the calibrated Virtual Testbed further experiments
can be executed, exceeding the possibilities in the real
mockup in different aspects. First, the space in the Vir-
tual Testbed is not limited, so larger descent phases with
different trajectories can be realized. Second, the sen-
sors can be modified, thanks to a flexible sensor frame-
work and the influence of different sensors to the algo-
rithms can be analyzed. With these two aspects, the algo-
rithms developed in the FastMap-Project can be evaluated
for different preconditions and their usability under these
conditions can be rated. Furthermore, even completely
new aspects of planetary landing and exploration mis-
sions can be addressed with the Virtual Testbed with only
little modification in the Virtual Testbed, such as hazard
avoidance techniques during the descent, localization al-
gorithms on the surface or examinations of the necessities
and benefits of various sensors.
3. ALGORITHMS
In the FastMap project, different algorithms are devel-
oped to generate a navigation map for localization on a
planetary surface. Algorithms for the generation of a dig-
ital elevation model are used and different methods for
landmark extraction are combined, as described in the
following.
3.1. Digital elevation model
A general analysis of descent trajectories for soft landings
on Moon and Mars has revealed two main image acquisi-
tion phases (Figure 5) imposing different requirements to
stereographic algorithms capable of generating digital el-
evation models (DEMs) from aerial images. Prerequisite
events during non-atmospheric descents like pitch-up ma-
noeuvers and heatshield jettison for atmospheric entries
initialize an Early Estimation Phase at altitudes below ca.
4000m. Large scale variances and other side effects of
aerial image sequences taken during this phase are known
to impose specific requirements to stereographic algo-
rithms [7] [8]. Recent studies [9] [10] allow for the in-
troduction of a Hovering Phase during the final powered
descent, which creates yet another time window for the
acquisition of high resolution stereo information with less
restrictions to stereographic algorithms. For this study
the chosen algorithms shall generally be feasible for both
phases while an emphasis will be on the Hovering Phase.
Classical calibrated stereo analysis has widely been used
to reconstruct dense 3D structures from stereo pairs.
However, the fixed stereo base of calibrated systems with
a rigid setup of two cameras is optimized for a dedicated
object distance range and thus not adequate for scenarios
with large distance variances like in the Early Estimation
Figure 5. Two phases for image acquisition and DIMES
[6] image sequence as an example
Phase. In addition the calibration is vulnerable to vibra-
tions of the setup which are almost inevitable during an
atmospheric descent. In this study we focus on an alter-
native technique to retrieve the 3D structure of a scene
from a sequence of monocular images commonly known
as uncalibrated stereo analysis or Structure from Motion
(SfM) [11]. While calibration in the standard approach
is done offline, it is an embedded online task in SfM in-
volving potential performance challenges. On the other
hand the approach implicitly calculates a sparse model of
each scene (including camera poses) enabling the gener-
ation of a global elevation model via bundle adjustment.
Fig. 6 illustrates the steps of the SfM approach to calcu-
late sparse and dense 3D-models.
Figure 6. SfM stereo pipeline
Combinations of different flavours of existing feature de-
scriptors [12] [13], calibration approaches [14] [15] and
(multi view) dense matching techniques [16] [17] are
evaluated finding suitable solutions for the two problem
specific image acquisition phases identified above. Fi-
nally, the generation of DEMs is validated making use of
the Virtual Testbed and the real mockup.
3.2. Landmark detection
As it is not possible to search for a generic semantic land-
mark, each type of landmark needs to be detected by a
single specialized algorithm. Detection is generally pos-
sible in both, the generated DEM and the series of descent
images. Whereas the DEM provides morphological in-
formation of the surface, the images themselves can still
be used for landmark detection, since they contain infor-
mation which is not accessible via the DEM or has not
been used during its creation, i.e. shadows, color and a
higher resolution.
Figure 7. States of crater detection
The JPL Machine Vision Group has proposed a method
for crater detection in descent images for vision-based
navigation of spacecrafts [18]. Based on this approach
an algorithm has been developed in the FastMap project,
that is able to detect craters in each of the descent im-
ages. The basic idea of this algorithm is to use adaptive
edge detection in order to find the contours of each crater
in the image (Figure 7b). Edge points are then sorted out
based on their underlying gradient direction with respect
to the lighting source. This yields arches containing edge
points of craters and eliminates inner edge points (Fig-
ure 7c). After a pairing step of corresponding arches el-
lipse fitting can be applied in order to approximate each
crater by its center, a direction and two radii (Figure 7d).
As an addition to other plausibility tests, the existence of
a DEM allows for double-checking the detected craters
in order to enhance reliability. Craters exist in a great va-
riety of sizes and are widespread on planetary and lunar
surfaces. Their distinct center point qualifies them for an
exact localization and additional features allow for good
discrimination between different craters.
One challenge with craters as landmarks is their rather
difficult recognition from the rover perspective, espe-
cially for big craters. Classic items for recognition by a
rover are rocks, which makes them valuable landmarks
for a Navigation Map. In [19] a rock detection algo-
rithm is proposed for hazard detection during descent of
a spacecraft. The same algorithm is also used in [20] for
detection of rocks in satellite imagery. The basic princi-
ple is to segment shadows in an image (Figure 8b) and
deduce a rock radius and height for each shadow (Fig-
ure 8c). This yields a cylinder for each rock that is big or
Figure 8. States of rock detection [20]
close enough to the camera to cast a prominent shadow
(Figure 8d).
Hills and mountains require a different approach. Be-
cause of their size and greatly varying shape, hill detec-
tion focuses on the DEM, since the resolution should be
sufficient and perspective is of no concern. From the
rover perspective hills or mountains can be detected in
the distance on a camera image and thus support rough
localization of a mobile robot.
3.3. Navigation Map Generation
In order to locate landmarks that have been detected in a
descent image, they have to be transformed into the DEM
coordinate system. For this the estimated camera pose,
which is calculated during the creation of the DEM, can
be used.
Each landmark must not be represented more than once
in the final Navigation Map. Thus methods have to be de-
veloped in order to merge multiple detections of a single
landmark in several descent images. This way it will be
possible to increase precision and check once more with
the DEM for plausibility. The resulting landmarks will be
coherent datasets in the coordinate system of the DEM.
4. DATABASE
4.1. Database Technology
The communication between different modules of the
map generation process is done by use of SupportGIS-J
of the company CPA System GmbH. SupportGIS-J pro-
vides a database technology compliant to the interna-
tional standards of ISO (International Standardization Or-
ganization) [21] and OGC (Open GIS Consortium) [22]
that is currently used for a wide range of applications in
the geo-information business. For further information on
standardization for geographic information see [23]. The
system kernel of SupportGIS-J is database-independent
and together with a JAVA-API (Application Program-
ming Interface) provides an abstract layer between the
database and the different applications that perform the
data capture and the map generation. This way a stan-
dardized interface is established and the compatibility be-
tween the applications is ensured. Fig. 9 illustrates this
system architecture.
Figure 9. FastMap system architecture from the perspec-
tive of the database
It is quite clear though, that a system using a file database
and being implemented in JAVA will not run on current
space qualified hardware. This is not seen as a hand-
icap for now as the FastMap project is about feasibil-
ity research rather than concrete implementation. In the
scope of this project the computation is done on a stan-
dard PC- hardware. As a result the expertise for a de-
sign adjusted to space qualified hardware is gained. Nev-
ertheless the properties of space qualified hardware are
taken into account as far as possible. For instance the
SupportGIS-J database technology is able to simulate a
database in a computer’s RAM and not necessarily needs
a file database. The Fastmap modules that make use
of the JAVA-API need not necessarily be implemented
in JAVA. They are currently implemented in C++ which
makes it easier to bring them into operation on a space
qualified hardware.
Currently the database technology enables the applica-
tions of the map-generation process to communicate with
the database by use of the API. As the applications partly
depend on each other’s processing results, additionally a
means of communication between the applications them-
selves is needed. Therefore the SupportGIS-J API will
be extended by a notification system that will enable the
applications to communicate with each other without the
necessity to send a query to the database. As the noti-
fication system will be part of the API it will serve as a
standardized communication interface for all clients.
The notification system is to work as follows (Figure 10).
A client application sends new or changed data via the
SupportGIS-J API to the database. The SupportGIS-J
API will have information on the clients connected to the
database and thus be able to provide these clients with
information on recent changes in the dataset. As not ev-
ery change in the dataset is of importance to each of the
Figure 10. Architecture of the notification system
clients it will be possible to set filters. A Client may spec-
ify which classes, attributes or relations of the data model
are relevant to it. Accordingly it will only be notified if
changes to data of these types occur. This way each client
will be able to set its individual filter on notifications.
4.2. Data model Navigation Map
The data model of the FastMap project is based on the
classes defined by ISO-TC211 and especially makes use
of ISO-19136. Thus data can be exchanged using the in-
ternational and wide spread standard of GML (Geogra-
phy Markup Language) [24]. The data model is designed
to support the needs of the FastMap project and its appli-
cations optimally. It is not designed for use on the hard-
ware of a planetary lander or rover. As said above the
objective of the FastMap project is to show the feasibility
of the computation of a DEM and the extraction of land-
marks on the basis of images captured during the decent
of the lander. So the data model was designed primarily
for this purpose.
The data model provides several classes to store the in-
formation that needs to be exchanged between different
FastMap modules. Some are used to store sensor data
like image data, altimeter data or inertial measures cap-
tured during the descent of the lander.
Additionally to the classes for the sensor data classes for
the calculation results are needed. The data model is de-
signed in a way that all the calculated data is connected
to the images it was gained from. For those regions
that are covered by at least two images DEM-fragments
can be calculated. DEM-fragments are stored in a class
FM_DemFragment (Figure 11). The demRaster at-
tribute is used to store a DEM-fragment as a raster image
and uses one channel to describe the quality of the ele-
vation points. The DEM is build up as an aggregation of
DEM-fragments. This is done automatically by database
technology. So once the DEM-fragments are calculated,
they will be aggregated and from then on are accessible
Figure 11. Extract from the FastMap data model con-
cerning DEM
as one whole DEM.
Finally some classes for the storage of the results of the
landmark extraction are needed, as shown in Fig. 12. All
landmarks share the property of having a position. Thus
a common class FM_Landmark with a position attribute
is introduced that all landmark classes are derived from.
In FastMap three types of landmarks that are typical
for planetary surfaces are distinguished: mountain tops,
craters and rocks. The class FM_MountainTop is the
simplest of these three. Here the position is supplemented
by a height value. For the storage of information on
craters the data model provides the class FM_Crater.
Additionally to the center position the parameters aver-
age rim height, center peek height, depth, ellipse major
axis, ellipse minor axis, ellipse rotation, maximum and
minimum rim height are stored. A rock can be described
by its position and its size. The size is the diameter of
a circle around the position that completely includes the
rock. This simple model can be used to avoid collisions
between rover and rocks. For a more accurate model
the rock can be described by its planar shape or even by
its 3D shape. The class FM_Rock of the FastMap data
model provides attributes for all these representations.
Figure 12. Extract from the FastMap data model con-
cerning landmarks
5. CONCLUSION
In this paper we present the concept, the goal and first
results of the project FastMap. Different algorithms for
the generation of a Navigation Map on the basis of de-
scent images have been introduced, regarding the extrac-
tion of a digital elevation model and of semantic land-
marks. As a basis for the development of these algo-
rithms a Virtual Testbed, working with a state of the art
database, is developed allowing the generation of close
to reality descent images. Due to a calibration process
with a real mockup, reliable physically plausible results
can be achieved. Further advantages provided by the Vir-
tual Testbed include high flexibility concerning camera
properties, lighting conditions and descent trajectories as
well as ground truth information for the verification of
new algorithms. Beyond that the Virtual Testbed can be
easily modified for further problems in the field of plane-
tary landing and thus constitutes a flexible tool for future
research projects.
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